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The surface of Rubella virus contains the glycoproteins E1 and E2. The E1 protein induces neutralizing antibodies and
has been implicated in the process of recognition of cellular receptors. To gain information on the structural organization
of the E1 protein we have analyzed the disulfide bonds present within this molecule. The reactivity of the protein with
radioactively labeled iodoacetic acid indicates that all 20 cysteine residues present in the ectodomain of the E1 protein are
involved in disulfide formation. E1 protein was purified by preparative SDS–PAGE under nonreducing conditions from virus
particles grown in tissue culture in the presence of [35S]cysteine. The purified protein was digested with a number of
proteases followed by reversed phase high-performance liquid chromatography (HPLC). [35S]cysteine-containing peptides
were identified and characterized by N-terminal amino acid sequence determination. These analyses identified the following
eight disulfide bridges: C(1)–C(2); C(3)–C(15); C(6)–C(7); C(9)–C(10); C(11)–C(12); C(13)–C(14); C(17)–C(18); and C(19)–
C(20). The two disulfide bridges formed by the residues C(4), C(5), C(8), and C(16) have not been identified with certainty,
but a likely organization can be derived. The data obtained are discussed in the context of a possible structural and functional
organization of the E1 protein. r 1997 Academic Press
INTRODUCTION with the E1 protein by the following experiments: (1) Iso-
lated E1 protein retains the ability to bind to erythrocytes
The Rubella virus constitutes a separate genus in the
(Ho-Terry and Cohen, 1985); (2) A number of anti-E1
togavirus family (Murphy et al., 1995). In this virus family
monoclonal antibodies inhibit hemagglutination but no
the nonstructural (NS) proteins are translated from the
such activity has been detected so far in anti-E2 mono-
5*-terminal sequences of the infectious genome RNA and
clonal antibodies (Waxham and Wolinsky, 1983; Green
the structural proteins are generated from a polyprotein
and Dorsett, 1986); (3) Trypsin-treatment of low pH-
which is translated from a subgenomic RNA containing
treated Rubella virus specifically destroys E2 and leaves
the 3*-terminal sequences of the genome. The primary
E1 intact. The resulting virus particles retain the ability
structure of the Rubella virus genome has been deter-
to fuse with liposomes (Katow and Sugiura, 1988).
mined for the Therien strain (Dominguez et al., 1990).
The findings mentioned above indicate that analyses
The sequence of the subgenomic RNA has been deter-
of the structure of the E1 protein will be of importance
mined for the M 33 strain (Clarke et al., 1987) and for
for an understanding of the molecular biology of Rubella
two vaccine strains (Zheng et al., 1989; Nakhasi et al.,
virus. Fractionation of Rubella virus structural proteins
1989). Rubella virus particles contain a core protein C by SDS–PAGE in the absence of reducing agents in our
and two membrane glycoproteins E1 and E2 (Vaheri and hands allows isolation of the great majority of E1 and
Hovi, 1972; Oker-Blom et al., 1983; Waxham and Wolinsky E2 protein molecules as monomeric proteins (Gros and
1985; Pettersson et al., 1985), which are present in the Wengler, 1995). In the presence of nonionic detergents
structural polyprotein in the order C-E2-E1 (Oker-Blom, monomeric E1 and E2 proteins and noncovalently associ-
1984). The molecular biology and the biology of Rubella ated E1–E2 heterodimeric complexes have been iso-
virus have been recently reviewed by Frey (1994), Schle- lated from virus particles and from infected cells (Baron
singer and Schlesinger (1996), and Wolinsky (1996). and Forsell, 1991). Covalently associated homodimeric
Several panels of monoclonal antibodies against Ru- and heterodimeric glycoproteins have also been isolated
bella virus have been raised. It has been found that dis- from Rubella virus particles (see Frey, 1994, for a review).
tinct domains containing neutralizing epitopes exist on The E1 protein contains three potential sites of N-linked
the E1 protein (see Wolinsky, 1996, for a review). Rubella glycosylation, all of which can be glycosylated (Bowden
virus particles exhibit hemagglutination and cell fusion and Westaway, 1984; Hobman et al., 1991). E1 protein
at low pH. Both of these activities have been associated can be labeled by incorporation of [3H]palmitic acid (Wax-
ham and Wolinsky, 1985). No direct experimental evi-
dence is available for the identification of the exact topol-1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 0641-23960. ogy of the E1 protein in the viral membrane and on the
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site(s) of fatty acid acylation, but the known primary struc- was removed, stained for 3 min with amino black, de-
stained, and the localization of the proteins in the gelture of the protein together with the knowledge concern-
ing the generation of glycoprotein topology and of fatty was thereby determined. The corresponding segments
were cut out from the gel, and the protein was recoveredacid acylation (see Schultz et al., 1988, for a review)
strongly suggests that the E1 protein contains a large by electrophoresis (Scheefers, 1985) and stored at 0807.
extracellular domain followed by a transmembrane seg-
Proteolytic cleavagesment and a short intracellular domain. In the Therien
strain E1 protein, which is used in our experiments, these
In all cleavages E1 protein present at a concentration
segments comprise the amino acid residues 1–452,
of about 1 mg/ml in 20 mM Tris–HCl, pH 7.6, as a solution
453–468, and 469–481, respectively, (Fig. 1). Three lines
obtained by electroelution after SDS–PAGE was used
of evidence indicate that disulfides are present in the E1
as starting material. For trypsin cleavage the protein was
protein: (1) The migration of E1 during SDS–PAGE is
adjusted to 100 mM Tris–HCl, pH 7.6, and 5 mg of TPCK-
slowed down by prior treatment with reducting agents.
trypsin were added per 100 mg of E1 protein followed by
(2) A number of anti-E1 monoclonal antibodies which
16 hr incubation at 377. Trypsin was inhibited by PMSF.
bind to denatured unreduced E1 protein do not bind to
Cleavage by endoproteinase Asp-N was performed by
the denatured reduced protein (Green and Dorsett, 1986).
the same procedure, except that 2 mg of enzyme were
(3) Treatment of virus particles with mercaptoethanol de-
used per 100 mg of substrate and termination of the
stroys hemagglutinin activity and infectivity (Ho-Terry and
reaction was performed by addition of EDTA. Endoprotei-
Cohen, 1981). In order to further characterize the struc-
nase Lys-C cleavage was performed as follows: Protein
ture of the Rubella virus E1 protein we have attempted to
was adjusted to 100 mM Tris–HCl, pH 7.6, and 0.5%
identify the disulfides present in this protein. The results
SDS. Four micrograms of enzyme were added per 100
obtained are presented in this manuscript.
mg of substrate and after 16 hr incubation at 377 the
protease was inactivated by TLCK. In some experiments
MATERIALS AND METHODS the fragments derived after trypsin cleavage were further
cleaved by endoproteinase Asp-N. In these experimentsMaterials and reagents
the PMSF-containing reaction mixture obtained after tryp-
Trypsin (treated with TPCK) and endoproteinase Lys- sin cleavage was used to solubilize 2 mg of lyophilized
C were bought from Fluka. Immobilized trypsin (matrix Asp-N enzyme (PMSF does not inhibit the metalloprotein-
F7m) was obtained from Mo Bi Tec (Go¨ttingen, Germany). ase Asp-N) followed by 16 hr incubation at 377. In order to
All other proteinases and all inhibitors were obtained allow further cleavage of tryptic fragments by the serine
from Boehringer-Mannheim. Radiochemicals were ob- proteinase Glu-C from Staphylococcus Aureus V8, the
tained from Amersham. tryptic cleavage was performed in a column containing
immobilized trypsin as described by the supplier (MoBi-
Preparation of Rubella virus Tec). Peptides were eluted from the column in 50 mM
phosphate, pH 8.0, and V8 protease digestion whichRubella virus (strain Therien) grown in BHK cells was
cleaves after Glu and Asp under these conditions waspurified as described earlier (Gros and Wengler, 1995).
performed for 16 hr at 257 in this buffer.For the preparation of [35S]cysteine-labeled virus, 40 petri
dishes (15 cm diameter) containing infected cell cultures
HPLC fractionation and analyses of peptideswere incubated with growth medium containing 5 mCi
of [35S]cysteine from 72 hr p.i. to the standard time of A 25 1 0.46-cm column containing RP 8, 5 mm, ODS
virus harvest (120 hr p.i.). Hypersil (Shandon) of 300-A pore size was used for ana-
lytical and preparative separations. In the latter case pep-Isolation of viral proteins
tides derived from about 5 nmol of protein were fraction-
ated on the column. Chromatography was performed atSDS and glycerol were added to purified virus to final
concentrations of 2 and 10%, respectively, and the re- a flow rate of 1 ml solvent/min. Peptides were localized
by monitoring the optical density at 220 nm, and aliquotssulting solution was either left unreduced or mercapto-
ethanol was added to 2% final concentration. After heat- of the fractions were subjected to liquid scintillation
counting. Either a neutral or an acidic buffer system com-ing to 967 for 5 min, 2 ml of this solution was loaded onto
a SDS–polyacrylamide slab gel (170 1 110 1 3 mm) patible with direct microsequencing of the eluted pep-
tides was used (Kamp et al., 1983). The aqueous and thecontaining 12.5% w/v acrylamide and 0.4% w/v N,N*-
methylenebisacrylamide and subjected to electrophore- organic component of the neutral system consisted of
(A) 10 mM ammonium formiate, pH 7.4, and (B) a mixturesis either as described by Laemmli (1970) or using the
modification of Okajima et al. (1993). After removal from of 8 vol of methanol and 2 vol of this buffer. The corre-
sponding solutions of the acidic system were (A) 0.1%the glass plates the gel slab was covered with a nitrocel-
lulose membrane and left at 67 overnight. The membrane trifluroacetic acid, pH 2.0, and (B) a mixture of 8 vol of
AID VY 8462 / 6a2f$$$342 03-16-97 20:47:30 vira AP: Virology
181DISULFIDES OF RUBELLA E1 PROTEIN
fatty acid would have no free SH-group, and the ab-
sence of a free SH-group on the E1 protein would con-
stitute strong indirect evidence for such structure. The
results of an experimental analysis of the presence of
SH-groups in the E1 protein are presented in Fig. 2. A
solution containing purified Rubella virus and about
2 mg of Semliki Forest virus core protein (SFC) was
denatured with SDS and was left either unreduced or
was reduced in the presence of 0.5 mM DTT. An excess
of [14C]iodoacetic acid was then added to label all
available SH-groups. The SFC-molecule contains two
free SH-groups and serves as an internal control for
the labeling of free SH-groups in the absence of reduc-
tion. The proteins present in this reaction were then
precipitated with acid, solubilized in SDS – PAGE sam-
ple buffer under reducing conditions, and subjected to
SDS – PAGE, as described in the legend to Fig. 2. The
gel was stained with Coomassie blue (Fig. 2A) and
subjected to autoradiography (Fig. 2B). It can be seen
that without prior reduction neither the E1 protein nor
FIG. 1. Primary structure of the E1 protein. The sequence of the the E2 or Rubella C protein can be labeled by radioac-
Therien strain Rubella virus E1 protein (Dominguez et al., 1990) is given tive iodoacetic acid, whereas the SFC is labeled under
with two amino acid substitutions, present in the E1 protein analyzed these conditions (Fig. 2B, lane 2). If the sample is sub-
in our experiments: K(31) to R(31) and S(243) to A(243). The 24 cysteine
jected to reduction prior to carboxymethylation all Ru-residues are consecutively numbered. The predicted transmembrane
bella virus proteins are heavily labeled (Fig. 2B, lanesegment comprising the amino acid residues G(453) to A(468) is under-
lined. All NXS and NXT sequons which represent possible sites of N- 1). According to the stained protein pattern roughly
glycosylation are also underlined. Three amino acid residues which similar amounts of SFC and E1 proteins were present
are of special importance for analysis of the proteolytic cleavages are
highlighted by symbols: Arginine and lysine by ., aspartic acid by .
acetonitrile and 2 vol of this buffer. Amino acid sequence
determination was performed using an Applied Biosys-
tems 477 A sequencer.
Computer analyses
The PC Gene Software Package was used for com-
puter analyses.
RESULTS
The E1 protein does not contain free SH-groups
FIG. 2. Analysis of binding of [14C] iodacetic acid to Rubella virus
structural proteins. Two samples of purified unlabeled Rubella virusThe amino acid sequence of the E1 protein is shown
each containing approximately 10 mg of total protein were suspended
in Fig. 1. It contains 24 cysteine residues. The residues in 10 ml of buffer containing 200 mM Na-phosphate, pH 8.0, 2.5 mM
C(1) to C(20) are located in the predicted ectodomain, EDTA, 0.5% SDS, and about 2 mg of Semliki Forest virus core protein
was added to both samples. After addition of DTT to 0.5 mM finalresidues C(21), C(22), and C(23) are located in the pre-
concentration to sample 1 both samples were incubated at 377 fordicted transmembrane segment, and the residue C(24)
30 min followed by addition of [14C] iodacetic acid to 10 mM finalis predicted to be located in the interior of the virus.
concentration and further incubation at 377 for 60 min in the dark.
These data indicate that the residues C(21) to C(24) Proteins were recovered from the reactions by TCA precipitation (20%
are not involved in disulfide formation. However, these TCA, 20 min on ice), solubilized in sample buffer for SDS–PAGE con-
taining mercaptoethanol, and subjected to analytical SDS–PAGE fol-residues are well suited as acceptors for fatty acid
lowed by Coomassie blue staining and autoradiography. Photographsacylation (Schmidt et al., 1979; see Schultz et al., 1988,
of the stained gel and of the autoradiograph are presented in parts Afor a review). The twenty cysteine residues located in
and B of this figure, respectively. Sample 1, which was reduced prior
the ectodomain on the other hand might form up to to carboxymethylation, was separated on lane 1; The unreduced sam-
10 disulfide bridges. An E1 protein which contains 10 ple was separated on lane 2. Unlabeled marker proteins were sepa-
rated on lane M.disulfide bridges and four cysteine-bound chains of
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in the reaction. The fact that a strong radioactive signal to C(24), which are likely to be acylated. This finding
is not unexpected since acylated peptides have a veryis obtained from the unreduced SFC-molecule,
whereas no signal is obtained from the unreduced E1 high affinity to the matrix during reverse phase chroma-
tography and can be recovered only by extensive elu-protein indicates that the unreduced E1 protein con-
tains no free SH-groups. It should be mentioned that tion using purely organic eluents. Such conditions
were never used in our chromatographic separations.the same conclusion can also be drawn for the E2
protein. Furthermore, the data show that the two cys- Experimental analyses similar to those presented in
Fig. 3 were performed using peptides generated by ateine residues which are present in the Rubella virus
C protein are not reactive prior to reduction by DTT. variety of proteolytic cleavages (see Materials and Meth-
ods). A number of radioactive peaks derived from theseThis finding indicates that the core protein dimers
present in mature virus particles contain two intermo- chromatograms did allow the identification of cysteine
pairs involved in disulfide formation, as described abovelecular disulfides.
for the data presented in Fig. 3. The amino acid se-
quences obtained in these analyses are summarized inCharacterization of disulfides by analyses of E1-
Table 1. Only analyses of peptides which contain a singlederived peptides
disulfide bridge are presented in Table 1. It can be seen
that a consecutive cleavage by trypsin and endoprotei-The data described above indicate that the E1 pro-
tein contains an ectodomain stabilized by 10 disulfide nase Asp-N or by trypsin and endoproteinase Glu/Asp-
C allowed the isolation of a large number of such pep-bridges. In order to identify the corresponding cysteine
pairs, we have isolated and characterized peptides tides. In a number of cases peptide complexes con-
taining two disulfide bridges were isolated from thecontaining disulfide bridges using the following ap-
proach: Purified Rubella virus, labeled with [35S]- HPLC chromatography. These data are in full agreement
with the data presented in Table 1, but since they docysteine, was subjected to SDS – PAGE under nonre-
ducing conditions followed by electroelution of the E1 not identify a cysteine bridge unambigously they are not
included in the table. The data collected in Table 1 iden-protein. The protein was then fragmented by various
proteases which were used either singly or in succes- tify the eight cysteine bridges C(1)–C(2); C(3)–C(15);
C(6)–C(7); C(9)–C(10); C(11)–C(12); C(13)–C(14); andsion followed by separation of the resulting fragments
by reverse phase HPLC. All peptides eluting from these C(17)–C(18). Peptides containing the residues C(4), C(5),
C(8), and C(16) were not found in these analyses. Thecolumns were collected according to the optical den-
sity profile and the radioactive peaks were identified. two disulfides which are presumably formed by these
residues could not be identified. A schematic diagram ofThe results obtained in such an experiment using the
proteases trypsin and endoproteinase Asp-N in suc- the E1 protein, which summarizes the data obtained, is
given in Fig. 4. This diagram is further analyzed in thecession are shown in Fig. 3. The [35S]cysteine-labeled
peptides were analyzed by amino acid sequencing. Discussion.
The results obtained are shown together with se-
quence analyses of peptides derived from other cleav- Analyses of the protein complexes generated from
ages in Table 1. In all analyses given in the table the the E1 protein by cleavage with endoproteinase Lys-C
carboxy-terminal residue of the peptides was identified
by performing a complete sequence as predicted from The structure presented in Fig. 4 is complex and
we have attempted to obtain independent evidencethe cleavage specificities plus two additional sequenc-
ing cycles in which no amino acids are released. It for this folding. Figure 4 in which all lysine residues
are indicated predicts the fragments generated aftercan be seen that the peak I material contains two
amino acid sequences, each containing a single cys- complete cleavage of unreduced E1 protein by endo-
proteinase Lys-C. Two large protein complexesteine residue, namely the residues C(3) and C(15). The
same situation is found in the material of peak II, in should be generated, each consisting of two peptides
bonded together by disulfides: Cleavage after the res-which the two peptides contain the residues C(9) and
C(10). In the other three peaks only a single sequence idues K(327) and K(384) should release the carboxy-
terminal part of the protein as a complex, which con-was found. Each of these sequences contains two cys-
teines namely the residues C(1) and C(2), C(6) and tains two peptides having the residues T(328) and
F(385) as amino termini (Fig. 4). It is unlikely that theC(7), C(13) and C(14) in the case of material derived
from peak III, peak IV, and peak V, respectively. Since Lys-C enzyme can cleave after the K(469) residue in
view of the acylation of the neighboring cysteine resi-free SH-groups do not exist in the E1 protein these
data identify the cysteine bridges C(3) – C(15), C(9) – dues (Fig. 4). This complex then contains the com-
plete carboxy-terminal sequence of E1 beginning atC(10), C(1) – C(2), C(6) – C(7), and C(13) – C(14). It should
be noted in this context that we have never detected residue T(328), which comprises 154 amino acids and
presumably four fatty acid residues and has an appar-peptides containing any of the cysteine residues C(21)
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FIG. 3. Fractionation of peptides derived from Rubella virus E1 protein. E1 protein was purified from [35S]cysteine-labeled virus by preparative
SDS –PAGE in the absence of reducing agents and digested with trypsin followed by endoproteinase Asp-N. Fragments were subjected to reversed
phase HPLC fractionation at pH 7.8. Peptides derived from approximately 5 nmol of E1 protein were loaded onto an RP 8 containing column. Details
of the techniques are described under Materials and Methods. The optical density profile of the column eluate is shown. Peaks containing 35S-
labeled peptides were identified by liquid scintillation counting; they are indicated by roman numbers. Results obtained from amino-terminal
sequence determinations of the radioactive peptides are given in Table 1.
ent molecular weight of about 16,000 Da. Cleavage and an additional sequence beginning at Q(111) (data
not shown). These results show that the proteaseafter the residues K(110), K(153), and K(158) is pre-
dicted to release a short fragment containing the cleavage has been incomplete in this part of the pro-
tein and that the internal fragment containing thebridge C(9) – C(10). The rest of the amino-terminal part
of E1 should remain as a complex of two fragments C(9) – C(10) bridge has not been effectively released.
Taken together the data are in very good agreementcontaining the amino-terminal residues E(1) and
F(159). This prediction can be made for all possible with the predictions derived from the pattern of disul-
fides presented in Fig. 4.patterns of disulfide bondings between the encircled
residues C(4), C(5), C(8), and C(16) (Fig. 4). It is un-
likely that the Lys-C protease can cleave after the DISCUSSION
residue K(286) which is followed immediately by the
disulfide-bonded residue C(287). Therefore it is to be In the experiments reported above eight disulfide brid-
ges have been identified in the ectodomain of the Rubellaexpected that the complex does not contain a peptide
starting with the C(287) residue. In any case, this com- virus E1 protein. The data obtained strongly indicate that
the cysteine residues C(4), C(5), C(8), and C(16) are alsoplex should contain all amino acids from E(1) to K(325)
except for the internal sequence from Q(111) to involved in the formation of disulfides but the correspond-
ing two disulfide bridges have not been identified. TheK(153), a total of 282 amino acid residues plus three
carbohydrate side chains (Fig. 4), resulting in a total residues C(4) and C(5) are present in the sequence C(4)
I C(5) (Fig. 1) and therefore can not be separated fromestimated molecular weight of about 37 kDa. A pre-
parative SDS – PAGE separation of the complexes each other by the proteolytic cleavages performed. If
these two residues are connected by a disulfide bridge,generated from unreduced E1 protein by endoprotei-
nase Lys-C cleavage followed by blotting onto a PVDF the E1 protein sequence predicts that short peptides con-
taining this bridge should have been generated in manymembrane and Coomassie blue staining is shown in
Fig. 5. In accordance with the predictions the E1 pro- of the proteolytic cleavages that were performed (Fig. 1).
The peptides containing the preceeding disulfides C(1) –tein is cleaved into two large complexes of appro-
priate apparent molecular weight. Both complexes C(2) and C(3)–C(15), and the consecutive bridge C(6) –
C(7) all have been detected. This shows that the peptidewere subjected to N-terminal amino acid sequence
analyses. The K 16 complex did contain exactly the sequences which surround the sequence C(4) I C(5) are
accessible to proteolytic cleavage. We think that it istwo sequences indicated above; the K 37 complex
contains the two amino-terminal sequences predicted therefore rather unlikely that a peptide containing a C(4) –
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TABLE 1
Identification of [35S]Cysteine-Containing Peptides Derived from Unreduced E1 Proteina
Disulfide-bonded
Proteolytic cleavage Sequences identifiedb cysteine residuesc
Trypsin EEAFTYL*TATG*ATQAPVPVR C(1)–C(2)
TVWQLSVAGVS*NVTTEHPF*N C(11)–C(12)
WGLGSPN*HGPDWASPV*QR C(13)–C(14)
Asp-N DGG*FAPW C(3)–C(15)
w w w w w w w w
D*ARLVGATPERPRLRLV
Trypsin followed by Asp-Nd EEAFTYL*TAPG*ATQAPVPVR (III) C(1)–C(2)
IVDGG*FAPW (I) C(3)–C(15)
w w w w
D*AR
DVS*EGLGAWVPTAP*AR (IV) C(6)–C(7)
QYHPTA*EVEPAFGHS (II) C(9)–C(10)
w w w w w w w w w
DAA*WGFPT
WGLGSPN*HGPDWASPV*QR (V) C(13)–C(14)
Trypsin followed by Glu/Asp-C AFTYL*TAPG*ATQAPVPVR C(1)–C(2)
TVWQLSVAGVS*NVTTEHPF*NTPHGQL C(11)–C(12)
WGLGSPN*HGPDWASPV*QR C(13)–C(14)
VTG*YQ*GTPALVE C(17)–C(18)
GLAPGGGN*HLTVNGEDLGAVPPGK C(19)–C(20)
w w w w w w w w w w w w w w w w w w w w w w w
FVTAALLNTPPPYQVS*GGESDR
a Peptides were identified by amino acid sequence determination. The carboxy-terminal residue of all peptides was identified by performing a
complete sequence as predicted from the cleavage specificities plus two additional sequencing cycles in which no amino acids are released.
b The * symbol indicates that a cysteine residue is predicted at this position from the primary sequence. In those cases in which two sequences
were detected, amino acid residues released in the same cycle are indicated by vertical bars. Only peptides which allow unambigous identification
of a single cysteine bridge are included in this table. See text for further details.
c Cysteine residues are numbered as shown in Fig. 1.
d The peptides are obtained from the fractionation shown in Fig. 3; The peaks analyzed and the sequences identified are indicated by roman
numbers in Fig. 3 and in this table.
C(5) disulfide bridge has escaped detection in all of our has been rather difficult to introduce complete and yet
specific proteolytic cleavages into the Rubella virus E1analyses. A further argument which suggests that a C(4)–
C(5) disulfide does not exist comes from an analysis in protein. It seems likely that these difficulties are respon-
sible for the fact that this material has not been found inwhich the energetics and statistics of formation of disul-
fide loops have been analyzed as a function of the num- our experiments.
The pattern of disulfides presented in Fig. 4 indicatesber and types of amino acid residues present in the loop
(Zhang and Snyder, 1989). In the database used in these that the E1 protein might be organized into an amino-termi-
nal part containing eight disulfides constructed from theanalyses 24 independent sequences of disulfide con-
taining proteins were present which did contain se- cysteine residues C(1) to C(16) and a carboxy-terminal part
containing two disulfides generated from the cysteine resi-quences in which cysteine residues were separated by
a single amino acid residue. Only in one of these cases dues C(17) to C(20). This organization implies that the se-
quence between residues C(16) and C(17) contains a linkera disulfide between the cysteines was formed. Further-
more, in the experimental analyses of disulfide formation region connecting these substructures (Fig. 4). Such a se-
quence typically is rather hydrophilic and often enriched inin vitro the formation of loops containing a single amino
acid residue was by far more unfavorable energetically proline residues (see Richardson and Richardson, 1989, for
a review). Inspection of Fig. 1 shows that the sequencethan the formation of all longer loops (Zhang and Snyder,
1989). Taken together these considerations suggest that H(310) to R(345) would be well suited for this function. The
antigenic fine structure of the Rubella E1 protein has beenthe sequence C(4) I C(5) binds the residues C(8) and
C(16), either in the form of the disulfides C(4)–C(8) and studied intensively (see Wolinsky, 1996, for a review). A
number of epitopes which bind neutralizing and hemagglu-C(5)–C(16) or in the form of the disulfides C(4)–C(16)
and C(5)–C(8). This complex would contain three pep- tination inhibiting antibodies have been mapped into the
segment between amino acid residues 245 and 285 (Terrytides, and six proteolytic cleavages are necessary to re-
lease this material from the protein. In our experience it et al., 1988). Furthermore, the peptide G(221) to S(239) binds
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with the disulfide pattern determined in our analyses. These
data suggest that the amino-terminal part of the E1 protein
is involved in the recognition of cellular receptors and that
the region containing the disulfides C(13)–C(14) and C(3)–
C(15) plays an important role in this function (Fig. 4). Much
less experimental evidence exists for a consideration of
the possible function of the carboxy-terminal part of the E1
protein. The biological activities of viral spike proteins are
commonly regulated by specific proteolytic cleavage and/
or alterations of protein association induced by alterations
of pH. Since in the case of Rubella virus proteolytic cleav-
age of spike proteins has not been observed it is likely that
the association of the viral surface proteins regulates the
activity of the E1 protein. According to secondary structure
prediction, the carboxy-terminal domain of the E1 protein
contains a long alphahelical segment comprising the se-
quence T(438) to L(452) which immediately preceeds the
predicted transmembrane segment G(453) to A(468) (Fig.
4). These two helical elements are predicted with very high
probability scores by the methods of Garnier et al., (1978),
Novotny and Auffray (1984), and Gascuel and Golmard
(1988). The T(438) to L(452) helix contains extensive hy-
drophobic surface regions. Such a helix is a structural ele-
ment which tends to associate to other identical or similar
elements and thereby can lead to the generation of oligo-
meric protein structures. Such oligomerization could
explain the observed conversion of the E1 protein to a
trypsin-resistant form at low pH (Katow and Sugiura, 1988).
A similar mechanism has recently been proposed for the
oligomerization of the flavivirus E protein (Stiasny et al.,
1996). These data suggest that the carboxy-terminal part
of the Rubella virus E1 protein might be involved in the
regulation of the oligomerization of the viral glycoproteins.
Since Rubella virus-coded glycoproteins synthesized from
cDNA in transfected cells can be studied from both a struc-
FIG. 4. Schematic representation of disulfides identified in the Ru-
bella virus E1 protein. Cysteine residues are consecutively numbered
from 1 to 24 and indicated by filled circles. The disulfide bonding
pattern of the cysteine residues C(4), C(5), C(8), and C(16) has not been
determined with certainty; these residues are indicated in the incircled
region (see the Discussion section for further details). The localization
of the N-bound carbohydrate side chains is indicated by Y. Lysine
residues (positions 110, 153, 158, 286, 325, 327, 384, 469) are indicated
by black dots. The predicted transmembrane segment comprising the
residues G(453) to A(468) spans the dotted region between the two
heavy black lines. It is preceeded by a predicted alphahelical segment
comprising the residues T(438) to L(452), indicated by the shaded re-
gion. Fatty acid residues are represented by wavy lines. The sequence
comprising the amino acid residues 213 to 281, which contains a clus-
FIG. 5. Analysis of protein complexes generated from E1 protein byter of epitopes binding neutralizing and hemagglutination inhibiting
cleavage with endoproteinase Lys-C. Approximately 40 mg of unre-antibodies, is highlighted by darker circles (see Discussion for further
duced E1 protein were digested with 2 mg of endoproteinase Lys-C fordetails).
16 hr at 377 in the presence of 0.5% SDS. The material was then
fractionated by SDS–PAGE (Okajima et al., 1993) followed by blotting
onto PVDF and staining of the PVDF membrane with Coomassie blue.neutralizing monoclonal antibodies and experimental evi-
A photograph of the stained membrane is shown. The E1 protein digest
dence indicates that the binding of several of these antibod- and marker proteins were fractionated on lanes 1 and M, respectively.
ies is dependent on the presence of a disulfide in the Amino-terminal sequences were determined for the blotted K 37 and
K 16 material (see text).peptide (Wolinsky et al., 1992). This finding is in accordance
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